Regulation of intestinal dietary fat absorption is critical to maintaining energy balance. While intestinal microbiota clearly impact the host's energy balance, their role in intestinal absorption and extraintestinal metabolism of dietary fat is less clear. Using in vivo imaging of fluorescent fatty acid (FA) analogs delivered to gnotobiotic zebrafish hosts, we reveal that microbiota stimulate FA uptake and lipid droplet (LD) formation in the intestinal epithelium and liver. Microbiota increase epithelial LD number in a dietdependent manner. The presence of food led to the intestinal enrichment of bacteria from the phylum Firmicutes. Diet-enriched Firmicutes and their products were sufficient to increase epithelial LD number, whereas LD size was increased by other bacterial types. Thus, different members of the intestinal microbiota promote FA absorption via distinct mechanisms. Diet-induced alterations in microbiota composition might influence fat absorption, providing mechanistic insight into how microbiota-diet interactions regulate host energy balance.
INTRODUCTION
Dietary fat contributes a significant caloric value to our diet. Dietary lipids supply 45%-55% of the energy requirements in breastfed human infants (Boudry et al., 2010) and 40%-55% of the calories in the Western diet (Meek et al., 2010) . In vertebrates, dietary fats in the form of triglycerides are digested by lipases within the intestinal lumen, and the released free fatty acids (FFAs) and monoglycerides are absorbed by enterocytes in the intestinal epithelium (Karasov and Hume, 1997) . Fatty acid (FA) absorption at the brush border of enterocytes is enhanced by solubilization in bile salt micelles or liposomes (Kindel et al., 2010) . Once absorbed by enterocytes, FAs are either oxidized to generate energy, re-esterified into triglycerides and tempo-rarily stored as cytoplasmic lipid droplets (LDs), incorporated into chylomicrons for secretion into the lymph, or released into circulation as FFAs (Iqbal and Hussain, 2009 ). These exogenously acquired FAs that enter circulation as chylomicrons or FFA are then available for oxidation or storage in extraintestinal tissues such as liver. Many steps in the dynamic process of exogenous FA uptake into enterocytes and their subsequent assembly into LDs and chylomicrons remain unresolved. An improved understanding of factors controlling dietary FA absorption and LD formation could lead to new approaches for decreasing the efficiency of dietary energy harvest in the context of obesity and increasing efficiency in the context of malnutrition.
Environmental factors such as intestinal microorganisms and diet represent attractive targets for controlling dietary lipid absorption and energy balance. The digestive tract is colonized beginning at birth by complex assemblages of microorganisms (gut microbiota) that profoundly influence intestinal and extraintestinal physiology (Sekirov et al., 2010) . The ability of the gut microbiota to modify dietary nutrient metabolism has emerged as a key feature of host-microbe relationships in the gut (Musso et al., 2011) . This capability has been most extensively described in the ruminant foregut and in the human and rodent hindgut (colon), where microbial fermentation of otherwise indigestible complex carbohydrates in the diet produces monosaccharides and short-chain FAs that can then be absorbed by the host (Flint et al., 2012) . The presence of a gut microbiota in mice increases fat storage in adipose tissue (Bä ckhed et al., 2004 (Bä ckhed et al., , 2007 Rabot et al., 2010) and causes significant alterations in secondary lipid metabolites in serum, liver, and adipose tissue (Martin et al., 2009; Velagapudi et al., 2010) . However, these altered lipid profiles could be due to effects of microbiota on intestinal absorption or metabolism of exogenous dietary lipids or on hepatic production or metabolism of endogenous lipids. Therefore, the potential impact of the microbiota on intestinal absorption of dietary lipids remains unclear.
Although the microbiota can influence dietary nutrient harvest, the diet can also impact microbial community composition and function. Gut microbial community membership is correlated with diet composition in humans and other mammals (Ley et al., 2008; Wu et al., 2011; Muegge et al., 2011) . Although not all studies have reported similar associations, an emerging pattern is that caloric intake can influence the relative abundance of the Firmicutes and Bacteroidetes phyla that dominate the intestines of many vertebrates (Ley et al., 2008) . For example, mice starved for 24 hr show a reduction of Firmicutes and increase of Bacteroidetes in their gut microbiota (Crawford et al., 2009) . Conversely, obese humans Turnbaugh et al., 2009) , humans consuming a high-calorie diet (Jumpertz et al., 2011) , hyperphagic obese ob/ob mice (Ley et al., 2005) , mice fed high-calorie Western diets Hildebrandt et al., 2009; Murphy et al., 2010) , and postprandial pythons (Costello et al., 2010) assemble gut microbial communities with an enrichment of Firmicutes at the expense of Bacteroidetes and other major phyla. Diet-induced enrichment of Firmicutes in the gut microbiota has been associated with a positive energy balance in gnotobiotic mouse hosts . However, the mechanisms by which certain bacterial taxa such as Firmicutes become enriched in the gut as a function of caloric intake remain unresolved. Furthermore, the potential impact of diet-induced alterations in microbiota composition on dietary lipid absorption in the gut is unknown.
In this study, we use the zebrafish model to investigate how microbiota and diet interact to regulate lipid absorption in the gut epithelium. Digestive tract anatomy and physiology as well as lipid metabolism pathways in the zebrafish are similar to mammals and other vertebrates (Babin and Vernier, 1989; Carten and Farber, 2009 ). Zebrafish larvae begin exogenous feeding at $5 days postfertilization (dpf) and complete resorption of their endogenous yolk supply by $6 dpf. Previous work comparing zebrafish raised germ free (GF) to those colonized with a normal zebrafish microbiota (conventionalized, CONVD) revealed roles for the microbiota on diverse aspects of host physiology (Kanther and Rawls, 2010; Kanther et al., 2011; Cheesman et al., 2011; Camp et al., 2012) . The zebrafish gut microbiota, like that of humans and other mammals, are dominated by the bacterial phyla Proteobacteria, Firmicutes, and Bacteroidetes (Rawls et al., 2004 (Rawls et al., , 2006 Roeselers et al., 2011) . However, the impact of diet on the zebrafish gut microbiota and their relationship to the microbiota in the surrounding aqueous environment are unknown. We recently developed a method to monitor FA absorption into the intestinal epithelium by incubating zebrafish in liposomes containing FA analogs fluorescently labeled with BODIPY (BODIPY-FL) (Carten et al., 2011; Walters et al., 2012) . Here, we use this method to investigate the impact of microbial colonization and diet on intestinal FA absorption. Our work reveals a diet-dependent role for the microbiota in stimulating FA absorption into the intestine and extraintestinal tissues and provides an ecological explanation for the diet-dependent nature of this host-microbe interaction.
RESULTS

The Microbiota Promote Intestinal Fatty Acid Accumulation in a Diet-Dependent Manner
To determine the impact of the microbiota on dietary lipid absorption in the intestine, we used BODIPY-labeled palmitic acid (BODIPY-C 16 ), which represents the most common saturated long-chain FA found in triglycerides, and medium-chain pentanoic acid (BODIPY-C 5 ; the BODIPY fluorophore effectively adds 2-3 carbons in length to the C5:0 FA backbone), which is more rapidly absorbed in the intestine (Carten et al., 2011) . We incubated 6 dpf GF and CONVD animals with BODIPY-C 5 or BODIPY-C 16 emulsified in egg yolk liposomes for 6 hr ( Figure 1A) . To test whether the prior nutritional status of the animal can impact dietary lipid absorption, we performed this assay in the absence (starved) or presence of a sterile control diet from 3 dpf (C-fed; Table S1 ). Feeding was initiated at 3 dpf to provide a nutrient-rich environment for both zebrafish and microbiota; however, zebrafish do not begin consuming food until $5 dpf. Therefore, zebrafish reared under starved conditions are only deprived of exogenous nutrition for $1 day prior to the 6 dpf endpoint. Confocal imaging of the proximal intestine in live zebrafish revealed lumenal and epithelial fluorescence under all tested conditions, indicating FA analog ingestion and absorption, respectively (Figures 1B and 1C) . Quantification of intestinal epithelial fluorescence revealed higher levels of BODIPY-C 5 and BODIPY-C 16 fluorescence in CONVD compared to GF zebrafish (p < 0.001 for C 5 and p < 0.0001 for C 16 ), which was enhanced by prior exposure to diet ( Figures 1D and 1F ). In contrast, we observed a consistent trend of higher lumenal fluorescence in GF than CONVD animals (p < 0.05 for C 5 , n.s. for C 16 ) ( Figures  1E and 1G ). These results suggest that the microbiota promote dietary FA accumulation in the intestinal epithelium in a dietdependent manner.
The Microbiota Increase Lipid Droplet Number and Size in the Intestinal Epithelium
We next sought to determine if the observed BODIPY-labeled FA accumulation in the intestinal epithelium was due to alterations in LD formation in the enterocytes. Because microbial colonization and feeding appeared to have similar effects on epithelial accumulation of BODIPY-labeled medium-and long-chain FAs (Figure 1) , we used the medium-chain FA analog BODIPY-C 5 to develop a quantitative assay for LD formation in the intestinal epithelium (see Experimental Procedures and Figures S1A-S1F). A time course with BODIPY-FL C 5 showed no difference in accumulated epithelial LD numbers between GF and CONVD fish after a 3 hr incubation (Figures S1G and S1H) and increased epithelial LD numbers after a longer 6 hr incubation only in animals that were both colonized with microbiota and fed (Figures 2A and 2B ). This finding confirmed that interactions between microbiota and diet stimulate FA absorption (p < 0.01) ( Figure 2B ). By analyzing the relative frequency of LD sizes, we observed a high percentage of small LDs after the 3 hr incubation in all conditions ( Figure S1I ). The percentage of large LDs was increased in all CONVD conditions after the 6 hr incubation (i.e., 5.6-11 mm 2 area, p < 0.01), whereas the percentage of small (i.e., < 0.55 mm 2 area, p < 0.001) and medium LDs (i.e., 0.55-1.64 mm 2 area, p < 0.001) was strongly altered by diet ( Figure 2C ). These results suggest that the presence of microbiota promotes two distinct phenotypes of epithelial LD formation: increased LD size regardless of diet history and increased LD number only in fed animals. These phenotypes only appeared after 6 hr of BODIPY-FL incubation, suggesting that the microbiota may increase enterocyte capacity for FA storage rather than accelerating initial LD formation. Notably, the microbiota also increased LD number and size in zebrafish fed a low-calorie diet (LC-fed) that has 31.4% fewer calories than the control diet due to a 55.6% reduction in protein content (Table S1 and data not shown), suggesting that diet-dependent microbial stimulation of LD accumulation in the zebrafish gut is not determined by the caloric value or protein content of the diet.
Microbial Stimulation of Dietary Lipid Absorption into Extraintestinal Tissues
We postulated that the increased LD number and size in CONVD fed zebrafish could be due to either delayed export of chylomicrons or FFAs into the circulation or increased absorption of FAs from the lumen. Indeed, previous studies in mice have shown that accumulation of large LDs can be associated with reduced chylomicron exocytosis (Buhman et al., 2002) . To test the possibility that chylomicron exocytosis is impaired in CONVD fed zebrafish, we performed a washout experiment to compare the ability of GF and CONVD zebrafish to clear LDs from their epithelium after BODIPY-FL C 5 incubation. We incubated 6 dpf GF and CONVD C-fed zebrafish with BODIPY-FL C 5 for 3 hr and subsequently washed a subset of animals from each condition in sterile GZM for an additional 5 hr ( Figure 3A ).
Consistent with our prior observations (Figure 2) , the 3 hr labeling resulted in similar LD numbers in the intestines of both GF and CONVD animals ( Figures 3B and 3C ). The washout reduced the number of LDs in the epithelium of both GF and CONVD zebrafish; however, this reduction was more prominent in CONVD fish (p < 0.001) ( Figures 3B and 3C ). These data suggest that FA transport from the intestine of CONVD animals is more robust than GF zebrafish. Analysis of LD size frequency following the washout in GF and CONVD animals revealed similar reductions in small LDs (i.e., < 0.55 mm 2 , p < 0.01) and increases in medium (i.e., 1.65-5.5 mm 2 , p < 0.01) and large LDs (i.e., 5.6-11 mm 2 , p < 0.0001; 11-27.4 mm 2 , p < 0.05) ( Figure 3D ). This result indicates that the significant reduction in LD number in postwash CONVD animals ( Figure 3C ) is not due to enhanced LD fusion in the presence of microbiota. Furthermore, these data suggest that the observed increase in LD number and size in CONVD fish ( Figure 2) is not due to impaired intestinal lipid export. The increase in epithelial LD accumulation in fed CONVD animals was also not associated with significant differences in Zebrafish derived germ free (GF) at 0 days postfertilization (dpf) were either reared GF (top) or inoculated at 3 dpf with normal microbiota (conventionalized, CONVD; bottom). From 3 to 6 dpf, fish were either starved or fed a control (C) or low-calorie (LC) diet (see Table S1 ). At 6 dpf, zebrafish were incubated with BODIPY-FL liposomes for 6 hr and imaged or fixed for later imaging. (B and C) Representative confocal images of the intestines of live 6 dpf GF and CONVD zebrafish incubated with BODIPY-FL C 5 or C 16 . Scale bar, 50 mm. ingestion rates, digestive organ size, or in vivo activity of digestive enzymes phospholipase and protease in the gut lumen ( Figure S2 ).
We next asked whether the increases in intestinal epithelial LD accumulation elicited by the microbiota are associated with increased FA export from the intestine to other tissues. After BODIPY-C 5 molecules are absorbed and exported from the zebrafish gut, a primary site of accumulation is in LDs within the liver (Carten et al., 2011) . We found that the presence of a microbiota resulted in increased BODIPY fluorescence in hepatic LDs after a 6 hr incubation in BODIPY-FL C 5 (p < 0.01) ( Figures 2D and 2E ). This increase was observed in both starved and C-fed CONVD zebrafish larvae ( Figure 2E ), suggesting that the microbiota promotes intestinal absorption and export of FA to the liver irrespective of diet history and diet-dependent effects of the microbiota on intestinal LD number. Additionally, CONVD animals displayed a significant increase in accumulation of BODIPY-C 5 fluorescence in non-GI tissues compared to GF controls (82% ± 16% increase) ( Figure 2F ). Based on these results, we conclude that the ability of the microbiota to induce accumulation of LDs in the intestinal epithelium is associated with increased absorption of dietary FAs into extraintestinal tissues.
Diet Determines Bacterial Community Composition in the Zebrafish Gut
Our results show that the microbiota promote intestinal epithelial LD number in fed but not in starved zebrafish. We hypothesized that this may be due to diet-induced alterations in gut microbiota composition. Diet-dependent differences in zebrafish gut (B and C) Lipid droplet quantification assay was developed using Volocity software (see Figures S1A-S1F) to determine LD number (B) and size frequency (C) in an epithelial region of interest (7,500 mm 2 ). The graphs depict the mean ± SEM of at least two independent experiments (3-15 fish/condition/experiment). Results of statistical significance analysis: a, significant versus GF fed same diet; b, significant versus starved in same microbial condition. See Figure S2 for data from a 3 hr time point. (D) Representative confocal images of livers in 6 dpf GF and CONVD zebrafish incubated with BODIPY-FL C 5 for 6 hr. Scale bar, 20 mm. (E) BODIPY-C 5 fluorescence scores of livers of 6 dpf GF and CONVD zebrafish. The graph depicts the mean ± SD of two independent experiments (3-5 fish/ condition/experiment) that were scored blindly (score scale 0-5). (F) Non-GI BODIPY-C 5 fluorescence in GF and CONVD C-fed zebrafish. The data represent mean ± SD of two experiments (20-30 carcasses and 9-10 whole larvae/condition/experiment). Significant differences are indicated: *p < 0.05 (E and F). microbiota composition could be due to direct effects of diet on the host gut habitat (e.g., alterations in host physiology or immunity). Alternatively, they could be due to indirect effects of diet on the surrounding aqueous environment (e.g., alterations in water chemistry and nutrient availability), which would modify the microbial community in the water that is available to colonize the zebrafish gut. We therefore analyzed the impact of diet on the bacterial communities that form in the zebrafish gut and in the surrounding water. GF zebrafish embryos were colonized at 3 dpf with a common conventional zebrafish microbiota (inoculum, Figure S3A ) and subsequently either starved or fed sterile C or LC diet until 6 dpf. Microbial genomic DNA was extracted from zebrafish guts and the housing water, and the respective bacterial communities were analyzed using 16S rRNA gene pyrosequence-based surveys ( Figure S3A and Table  S2 ). UniFrac principal coordinates analysis (PCoA) plots derived from both unweighted (an evaluation of community composition) and weighted (an evaluation of community structure) algorithms (Lozupone et al., 2007) provided several insights. First, biological replicates from each of the sample groups consistently clustered together ( Figures 4A and 4B ), suggesting that the processes determining the composition of these bacterial communities are reproducible. Second, we observed a striking separation of gut and water samples, revealing that the zebrafish gut selects or enriches a distinctive subset of bacteria from the surrounding water. Notably, the inoculum sample appeared central to all other samples, reflecting the fact that the majority of operational taxonomic units (OTUs) observed in the inoculum sample were also detected in other samples (108/111 or 97.3%; Figures  S3B-S3E ). Third, fed samples clustered together and were separated from the starved samples for both the gut and water environments, suggesting that feeding markedly alters the gut and water bacterial communities in distinctive ways. Furthermore, the clustering of LCfed and C-fed samples indicates that the effect of diet on those communities is not strongly determined by the caloric and protein content of the diet.
The distinct separation of gut and water samples observed in the PCoA analysis was accompanied by significant differences in the relative abundances of several bacterial taxa ( Figures 4C and 4D and Table S3 ). Although all samples were dominated by Proteobacteria phylum sequences, sequences from the b-Proteobacteria class were enriched in the water (mean 49.7% versus 6.4% of all water and gut samples, respectively; p < 0.0001). Bacteroidetes phylum sequences were also enriched in water (mean 19% versus 3.3% of all water and gut samples, respectively; p < 0.01) through increases in classes Flavobacteria and Sphingobacteria. In contrast, Firmicutes phylum sequences were enriched in gut samples (mean 30.2% versus 0.6% of all gut and water samples, respectively; p < 0.05) through increases in classes Bacilli and Clostridia. Strikingly, gut-specific enrichment of Firmicutes occurred only in animals that had been fed, and not in starved animals ( Figures 4C and 4D) , indicating that feeding results in gut-specific enrichment of Firmicutes in zebrafish hosts.
In addition to affecting the relative abundance of specific bacterial taxa, the overall diversity of these bacterial communities also varied as a function of diet and environment. In the gut, bacterial diversity and richness were markedly lower in starved animals compared to those fed C or LC diet (e.g., mean phylogenetic distances of 1.87 versus 5.41 in starved versus C/LC-fed gut samples, respectively; p < 0.005) ( Figures  4E and 4F and Table S4 ). In contrast, diversity and richness in water communities were not significantly different between fed and starved conditions. These diet-induced increases in gut microbiota diversity were not accompanied by significant alterations in the density of culturable microorganisms in the gut (Figure 5A) . These results reveal that the presence of diet promotes diversity of bacterial communities in the zebrafish gut, without inducing similar alterations in the surrounding water.
Although the trends among biological replicates were largely consistent, there were two instances in which one replicate Table S2 . deviated significantly from the others (C-Fed gut 1 and Starved gut 3, Figures 4A-4C ). The sequences in these samples grouped into OTUs that were also present in other samples (data not shown), suggesting that these deviations are not due to contamination from external sources but due to differences in relative OTU abundance. These two deviant samples may result from technical variation or may reflect stochasticity in gut microbial community assembly (Robinson et al., 2010) .
A Firmicutes Strain Isolated from the Zebrafish Intestine Is Sensitive to Exogenous Nutrient Levels in the Absence of Microbial Competition
The ecological processes underlying diet-dependent Firmicutes enrichment in the intestines of vertebrate hosts remain unknown. We speculated that the Firmicutes enrichment is due in part to their improved ability to initiate or maintain colonization of the gut in the presence of dietary nutrients. To test this possibility, we inoculated GF zebrafish at 3 dpf with individual, culturable members of the zebrafish microbiota (a process called monoassociation; Table S5 ) and measured colonization efficiency in the zebrafish gut and surrounding water in the absence of competition from other microbes. Notably, colony forming unit (cfu) densities of a representative Firmicutes Exiguobacterium sp. ZWU0009 (class Bacilli) were below the level of detection in both gut and water under starved conditions but established robust colonization under fed conditions ( Figure 5B) . In contrast, the strains Chryseobacterium sp. ZOR0023 (phylum Bacteroidetes, class Flavobacteria; Figure 5C ) and Pseudomonas sp. ZWU0006 (phylum Proteobacteria, class g-Proteobacteria; Figure 5D ) were able to colonize the gut and water under starved conditions, with only modest increases in cfu density under fed conditions. This finding indicates that even in a simple community without microbial competition, the Firmicutes strain we tested (Exiguobacterium sp.) requires nutrient-rich conditions to survive and successfully colonize the gut, whereas strains from other taxa (Chryseobacterium sp. and Pseudomonas sp.) can colonize even in the absence of dietary nutrients. These results suggest that diet-dependent Firmicutes enrichment in the CONVD ( Figure 4D ) gut might be due at least in part to an autonomous increase in Firmicutes colonization efficiency in the presence of diet.
Monoassociations Reveal Two Distinct Pathways for Bacterial Stimulation of Intestinal Fatty Acid Absorption
Our BODIPY-FL C 5 labeling experiments revealed that the microbiota stimulated two phenotypes in enterocyte FA absorption: a diet-dependent increase in LD number and a diet-independent increase in LD size. This result raised the possibility that bacterial taxa that are enriched in a diet-dependent manner, such as Firmicutes, might promote LD number. To test this hypothesis, we performed monoassociation experiments on C-fed GF zebrafish using the same three bacterial strains as above and performed the BODIPY-FL C 5 delivery assay ( Figures   6A-6D) . Although there was an overall effect of colonization on enterocyte LD number (p < 0.001), the only strain sufficient to induce a significant increase in LD number was the Firmicutes strain Exiguobacterium sp. ( Figure 6B ). In contrast, monoassociation with Exiguobacterium sp. had no effect on LD size frequency compared to GF controls, whereas the other two tested bacterial strains induced increases in the relative frequency of large LDs in the intestinal epithelium ( Figure 6F ). Analysis of BODIPY fluorescence in the livers of monoassociated zebrafish revealed a significant effect of colonization across all three tested species compared to GF controls (p < 0.05; Figure 6G ). However, the only individual strain sufficient to significantly increase BODIPY fluorescence in the liver was Exiguobacterium sp. ( Figure 6G) . These results suggest two mechanisms for bacterial stimulation of intestinal FA absorption: a Firmicutesmediated induction of enterocyte LD number that is associated with robust FA export to the liver and a non-Firmicutes bacterial induction of enterocyte LD size (Figure 7 ). Table S3 . (E and F) Alpha diversity measures of phylogenetic distance (E) and Chao1 richness (F) are shown as the mean ± SD across different replicate sample groups and the inoculum sample. See also Figure S3 and Table S4 . The results represent the mean ± SEM of at least two independent experiments (n.d., not detected) with identified significant differences: *p < 0.05; **p < 0.01; ***p < 0.001. Density of the conventional microbiota in CONVD zebrafish is shown in (A). Also shown are bacterial densities in GF zebrafish monoassociated with Exiguobacterium sp. ZWU0009 (Firmicutes) (B), Chryseobacterium sp. ZOR0023 (Bacteroidetes) (C), or Pseudomonas sp. ZWU0006 (g-Proteobacteria) (D). See also Table S5 .
We speculated that these distinct effects of individual bacterial strains on enterocyte FA absorption might be caused by distinct bacterial factors. To test this possibility, we introduced GF larvae at 3 dpf to filter-sterilized media that had been conditioned with one of the three tested bacterial strains and then performed the BODIPY-FL C 5 delivery assay at 6 dpf. We found that only conditioned media from Firmicutes Exiguobacterium sp. was sufficient to significantly increase enterocyte LD number ( Figure 6H ). This increase in LD number is similar to that observed in zebrafish monoassociated with live Exiguobacterium sp. (Figure 6E ), indicating that this Firmicutes strain can increase LD number via its bacterial products. In contrast, none of the conditioned media were sufficient to increase enterocyte LD size ( Figure 6I ), suggesting that the increase in LD size observed in animals monoassociated with Chryseobacterium sp. or Pseudomonas sp. (Figure 6F ) might require the activities of live bacterial cells. Together, these results indicate that the distinct effects of bacterial strains on enterocyte LD accumulation are due to distinct molecular mechanisms and that bacterial products from the Firmicutes strain Exiguobacterium sp. are sufficient to increase enterocyte LD number.
DISCUSSION
There is currently intense interest in understanding the gut microbiota's contributions to vertebrate nutrient metabolism and energy balance (Musso et al., 2011) . Although microbial contributions to degradation of complex dietary carbohydrates have been studied extensively (Flint et al., 2012) , the impact of the microbiota on dietary lipid metabolism has received relatively little attention. Previous investigations of dietary lipid metabolism in gnotobiotic mammals evaluated serum lipid metabolites (Bä ckhed et al., 2004 (Bä ckhed et al., , 2007 Martin et al., 2009 ), which do not distinguish between exogenous and endogenous lipid sources, and serum chylomicrons (Velagapudi et al., 2010) or fecal crude fat (Yoshida et al., 1968; Rabot et al., 2010) , which do not do not distinguish between dietary and microbe-produced lipids. Here, we used an in vivo imaging strategy in transparent zebrafish larvae to uncover a role for the microbiota in stimulating dietary FA absorption in the intestinal epithelium and extraintestinal tissues. Our results identify the gut microbial community as a target for controlling dietary fat absorption and energy balance.
Fatty acid absorption, intracellular LD assembly in enterocytes, and subsequent secretion as chylomicrons and FFA have been extensively studied (Iqbal and Hussain, 2009 ). However, our mechanistic understanding of these physiologic processes in vivo remains incomplete, which poses challenges for understanding how they are regulated by environmental factors such as the microbiota. Our data reveal that colonization with a microbiota promotes epithelial absorption of FAs, resulting in accumulation of LDs in enterocytes and increased accumulation of dietary FAs in extraintestinal tissues. We propose . ZWU0009 (B) , Chryseobacterium sp. ZOR0023 (C), or Pseudomonas sp. ZWU0006 (D) incubated with BODIPY-FL C 5 for 6 hr. BODIPY-C 5 accumulation in large epithelial lipid droplets (black arrowheads) and in the lamina propria (white arrow) is indicated. (E) Lipid droplet quantification in the intestinal epithelium of monoassociated zebrafish compared to GF controls. (F) Relative frequency of intestinal LD sizes in monoassociated zebrafish. The data represent the mean ± SEM of at least two independent experiments (5-16 fish/condition/experiment). Significant differences compared to GF controls are identified: *p < 0.05; ***p < 0.001. (G) BODIPY-C 5 fluorescence scores in the livers of monoassociated zebrafish compared to GF controls. The graph represents the mean ± SEM of at least two independent experiments (2-7 fish/ condition/experiment) that were scored blindly (score scale 0-5). Significant differences to GF controls are identified: *p < 0.05. (H and I) Intestinal LD number (H) and relative frequency of intestinal LD sizes (I) in GF zebrafish treated with filter-sterilized Exiguobacterium sp., Chryseobacterium sp., or Pseudomonas sp. conditioned media. Results are presented as mean ± SEM of at least two independent experiments (3-7 fish/condition/experiment) with identified significant differences compared to GF control: **p < 0.01. four nonexclusive mechanisms by which microbes might stimulate FA absorption and LD accumulation in enterocytes. First, microbes might increase bioavailability of FAs by modifying the production or composition of bile salts (Swann et al., 2011) . Second, microbes could directly contribute to lumenal lipolytic activity that promotes FA availability for potential absorption in the intestinal epithelium (Ringø et al., 1995) . Third, microbes might enhance FA absorption indirectly by evoking physiologic responses in the intestinal epithelium that stimulate its inherent absorptive capabilities. Finally, the microbiota might reduce rates of fatty acid oxidation in intestinal epithelial cells permitting increased storage of FA in LDs. Identification of the underlying mechanisms could facilitate microbe-based strategies for controlling dietary fat absorption.
Our results show that the presence of a microbiota promotes two distinct phenotypes of LD formation within the enterocyte: increased LD number and increased LD size. The majority of enterocyte LDs evaluated in this study presumably represent temporary storage LDs that occur after high-fat feeding (Glatz et al., 2010) . While enterocyte LD size and number reflect distinct and quantifiable aspects of FA absorption, they likely share common cell biological processes. Previous genetic analyses of LD formation have established that these dynamic organelles are under complex regulatory control and functionally linked to other cellular organelles and pathways (Guo et al., 2008; Beller et al., 2008) . However, we anticipate that at least a subset of the ''small LDs'' enumerated in this study (<0.55 mm 2 ) represent chylomicrons, as this small size range is inclusive of the predicted chylomicron size in teleosts (Sire et al., 1981) . Investigation of the mechanisms underlying the microbial and dietary regulation of these distinct lipid-rich organelles could provide insights into enterocyte lipid metabolism.
In addition to revealing a role for the microbiota in stimulating FA absorption, our data show that this host response to the microbiota is influenced by diet history. Although enterocyte LD size was increased by the microbiota regardless of diet history, consistent increases in enterocyte LD number were only observed in fed animals. These results are surprising since our data were collected at 6 dpf only $1 day after they normally begin feeding. This suggests that the observed effects of starvation on zebrafish at 6 dpf might be determined primarily by dietdependent effects on the microbiota rather than direct effects of diet on the host. Consistent with this notion, we discovered that the presence of diet results in alterations in the zebrafish gut microbiota including enrichment of Firmicutes bacteria. Furthermore, we find that monoassociation of GF zebrafish with a representative Firmicutes strain induced increased LD number, whereas two other non-Firmicutes strains induced increased LD size. Although it remains unknown if these findings are generalizable to other members of their respective phyla, these data are consistent with our observations that the intestines of fed CONVD animals enriched with Firmicutes display increased LD number while all CONVD animals display increased LD size regardless of diet history. Based on these results, we propose two distinct mechanisms to explain the observed diet-dependent interactions between gut microbial ecology and host FA absorption. First, Firmicutes are enriched in the intestines of fed animals, where they enhance the ability of host enterocytes to absorb FAs. Second, non-Firmicutes bacteria that colonize the gut irrespective of dietary status induce increased accumulation of large LDs within host enterocytes. In animals that are fed, these two bacterial signals combine to stimulate FA absorption through increases in both enterocyte LD size and number ( Figure 7) and increased export to extraintestinal tissues.
Our results provide insight into the impact of diet on the zebrafish gut microbiota and the relationship between the microbiota of the zebrafish gut and the surrounding water. A frequently observed pattern in humans, mice, and pythons is that the relative abundance of Firmicutes in the gut is positively correlated with dietary caloric intake. Our evaluation of gut bacterial communities in fed and starved zebrafish revealed that this ecological principle also applies to bony fishes. Strikingly, dietdependent enrichment of Firmicutes bacteria in the gut, but not in the surrounding water, provides strong evidence that the presence of diet exerts different selective pressures on bacteria in the zebrafish gut versus the surrounding water. Future longitudinal analyses of the zebrafish gut and surrounding water could help resolve temporal relationships between the respective dietinduced alterations in microbial community assembly and maintenance in these different habitats.
The mechanisms that promote Firmicutes abundance in nutrient-rich environments remain unresolved. Our monoassociation results suggest that the diet-dependent enrichment of Firmicutes may be due, at least in part, to an autonomous bacterial requirement for diet-derived nutrients to allow colonization. In contrast, the two non-Firmicutes bacterial strains tested here The microbiota promote LD size in intestinal enterocytes independent of diet (dashed violet arrow). The presence of diet promotes LD number in CONVD zebrafish and in those monoassociated with a Firmicutes strain (i.e., Exiguobacterium sp.; dashed brown arrow). Monoassociation with other bacterial strains Chryseobacterium sp. or Pseudomonas sp. promotes LD size. Although the extent to which these findings are generalizable to their respective phyla remains unclear, these data suggest two bacterial mechanisms that promote distinct LD accumulation phenotypes: a Firmicutes-induced increase in LD number and a non-Firmicutes bacterial induction in LD size. colonized in both starved and fed conditions, suggesting that nutritional niches provided by the host are sufficient for these microorganisms to robustly colonize the zebrafish gut. It will be interesting to determine if diet-dependent enrichment of Firmicutes in the context of a more complex microbial community is also mediated in part by intermicrobe competitions. Furthermore, it will be important to determine whether the impact of diet on bacterial colonization of the gut is mediated by permitting initial gut colonization and/or maintenance of colonization over time. Firmicutes-enriched communities arising from genetic or diet-induced obesity have been shown to promote positive energy balance . Therefore, identification of the mechanisms underlying diet-dependent enrichment of Firmicutes could lead to new approaches for controlling energy balance in humans and other animals.
EXPERIMENTAL PROCEDURES
Gnotobiotic Zebrafish Husbandry
All experiments using zebrafish were conducted in conformity with the Public Health Service Policy on Humane Care and Use of Laboratory Animals using protocols approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill. All zebrafish were TL wildtype strain unless otherwise noted. Zebrafish embryos were derived GF and maintained in sterile conditions or colonized at 3 dpf with microbiota or individual bacterial strains (Table S5 ) according to published protocols (Pham et al., 2008) . Zebrafish were maintained in gnotobiotic zebrafish media (GZM) at 28.5 C in 50 ml and 250 ml sterile tissue culture flasks (VWR International, LLC) on a 14 hr light cycle with daily 80% media changes. Control (C) and low-calorie (LC) diets (Table S1) were custom formulated and ground to a pellet size of 50-100 mm (Ziegler Brothers, Inc.) and were then sterilized by irradiation (absorbed dose range 106.5-135.2 kGy; Neutron Products, Inc.). Zebrafish were either fed once per day beginning 3 dpf with approximately 2.5 and 4 mg sterilized C or LC diet (for the 50 and 250 ml flasks, respectively). Conditioned medium was prepared fresh each day by filter sterilization of GZM incubated overnight with individual bacterial strains and Control diet. Sterility of GF zebrafish and zebrafish treated with conditioned media was assessed using culture-based methods as previously described (Pham et al., 2008) . All zebrafish were treated with 0.015 mg/l 1-phenyl-2-thiourea (PTU) (Lancaster Synthesis, Inc.) to reduce melanin synthesis. At 6 dpf, homogenized gut and water samples were serially diluted and plated on Tryptic Soy (for the CONVD condition) or Brain Heart Infusion (for the monoassociated conditions) agar to determine cfu.
Liposome Delivery Assay
Fluorescent liposome solution preparation and incubation for live imaging was performed as described (Carten et al., 2011) using BODIPY-C 5 (Invitrogen, D-3834) or BODIPY-C 16 (Invitrogen, D-3821) fatty acids. For the lipid droplet measurements, zebrafish were euthanized in 0.67 g/l of tricaine (Argent Chemical Laboratories), fixed in freshly prepared 4% paraformaldehyde (PFA) (Acros) in phosphate-buffered saline (PBS) for 1 hr at room temperature to preserve LD structure (DiDonato and Brasaemle, 2003) , washed three times in PBS, and stored in a sterile 12-well plate at 4 C in the dark. For confocal imaging, fixed zebrafish were mounted on Superfrost Plus glass slides (Fisher Scientific) in 1% low melting temperature agarose (Fisher Scientific) and enclosed by high vacuum grease (Dow Corning).
Confocal Imaging of BODIPY-FL-Labeled Zebrafish
Live confocal imaging of BODIPY-FL-labeled zebrafish was performed as previously described (Carten et al., 2011) . Images were taken with a Leica TCS SP2 confocal microscope using HCX APO L W 403 (3.3 WD, 0.8 NA) and 633 (2.2 WD, 0.9 NA) oil-immersion objectives. Fluorescence quantification was performed in ImageJ by box analysis and was normalized to controls that were not incubated with liposomes. Imaging of fixed BODIPY-FL-labeled zebrafish was performed on an Olympus FV1000 laser scanning confocal microscope. For these experiments, we used the Tg(À4.5fabp2:DsRed) pd1000 zebrafish line that expresses DsRed in the intestinal epithelium (Kanther et al., 2011) permitting identification of LDs specifically within epithelial cells. Imaging was performed with a 603 water-immersion objective (0.28 WD, 0.9 NA). We took z stacks through the same region of the proximal intestine in every fish using the multi-Ar laser (488 nm excitation) and LD laser (559 nm excitation) at laser capacity of 3% and 6.9%, respectively. Z stacks were collected using unidirectional laser scanning at 1.0-1.5 mm per slice. The image size was 640 3 640 pixels in the XY direction for quantified z stacks and 1600 3 1600 pixels for the images shown in Figures 2, 3, 6 , and S1G.
Lipid Droplet Quantification
Three independent epithelial regions of interest in each fish were selected randomly from sagittal Z slices near the middle of the intestine that contained a single layer of DsRed-positive epithelial cells below a clear lumenal space. Quantification of BODIPY-FL fluorescence in the intestinal epithelium was performed in three individual slices from the overlay z stacks using the Volocity Visualization + Quantification module (Improvision) (see Figure S1 ). For each slice, we identified a region of interest (ROI; 2,500 mm 2 ) and applied a measurement protocol ( Figure S1F ) to identify individual objects (lipid droplets, LDs) and their size (represented by area). The LD identification and measurement protocol consisted of the following steps, which are presented in order: find objects using % intensity (lower: 50%; upper: 100%), clip objects to ROIs, separate touching objects (object size guide: 5 mm 2 ), and filter measurements (ID > 3). Collected measurement values were exported to Microsoft Excel to determine total LD number and the number of LDs for each size category. The relative frequency of LD size categories was determined as a percentage of the total LD number from each individual fish.
Statistical Methods
The significance of diet and microbial status on lipid absorption, digestive enzyme activity, growth, and feeding behavior was determined by two-way ANOVA (p values reported in Results section). Statistical significance between individual conditions was based on individual Student's t test adjusted for unequal variances (determined by the Bartlett's test) and corrected by Bonferroni's method for multiple comparisons (p values reported in figures). We used ANOVA corrected for false discovery rate (Benjamini and Hochberg, 1995) to identify significant differences in relative abundance of bacterial taxa based on the Ribosomal Database Project (RDP) classifier version 2.2 (Wang et al., 2007) and in normalized alpha diversity distances (p values reported in Results). Any p values less than 0.05 with correction were considered significant.
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